Sertoli cells have been shown to be targets for extracellular purines such as ATP and adenosine. These purines evoke responses in Sertoli cells through two subtypes of purinoreceptors, P 2Y2 and P A1 . The signals to purinoreceptors are usually terminated by the action of ectonucleotidases. To demonstrate these enzymatic activities, we cultured rat Sertoli cells for four days and then used them for different assays. ATP, ADP and AMP hydrolysis was estimated by measuring the Pi released using a colorimetric method. Adenosine deaminase activity (EC 3.5.4.4) was determined by HPLC. The cells were not disrupted after 40 min of incubation and the enzymatic activities were considered to be ectocellularly localized. ATP and ADP hydrolysis was markedly increased by the addition of divalent cations to the reaction medium. A competition plot demonstrated that only one enzymatic site is responsible for the hydrolysis of ATP and ADP. This result indicates that the enzyme that acts on the degradation of tri-and diphosphate nucleosides on the surface of Sertoli cells is a true ATP diphosphohydrolase (EC 3.6.1.5) (specific activities of 113 ± 6 and 21 ± 2 nmol Pi mg -1 min -1 for ATP and ADP, respectively). The ecto-5-nucleotidase (EC 3.1.3.5) and ectoadenosine deaminase activities (specific activities of 32 ± 2 nmol Pi mg -1 min -1 for AMP and 1.52 ± 0.13 nmol adenosine mg -1 min -1 , respectively) were shown to be able to terminate the effects of purines and may be relevant for the physiological control of extracellular levels of nucleotides and nucleosides inside the seminiferous tubules.
Introduction
Extracellular purines interact with specific receptors (purinoreceptors) on the surface of cells activating several biological processes (for reviews, see [1] [2] [3] . Previous studies have demonstrated that adenosine nucleotides can modulate Sertoli cell responses through the purinoreceptors present on these cells (4) (5) (6) (7) (8) (9) (10) .
The hormonal regulation of Sertoli cell functions in the maintenance of spermatogenesis occurs through inhibitory and stimulatory signals. These signals interact for a bimodal regulation of adenyl cyclase with increasing or decreasing cAMP levels. Extracellular ATP interacting with P 2Y2 purinoreceptors coupled with G i protein modulates the follicle-stimulating hormone (FSH) response in Sertoli cell cultures. This modulation is pertussis toxin-sensitive and decreases the cAMP levels stimulated by FSH (5) . In the same study, Filippini et al. (5) demonstrated that ATP can activate inositol phospholipid turnover and Ca 2+ signaling. Regarding adenosine, a product of ATP degradation by ectonucleotidases, Rivkees (11) localized and characterized receptors for this structure in rat testis tissue and demonstrated that Sertoli cells have the P A1 receptor subtype on the plasma membrane. In testis tissue, the P A1 receptors inhibit adenylyl cyclase activity (4, 10) . Adenosine inhibition of the hormonal effects of FSH in Sertoli cells is reversed by pertussis toxin (8) . This fact suggests that the regulation of a cyclic nucleotide-dependent pathway is one of the transduction mechanisms by which adenosine regulates the functions of these cells.
The extracellular hydrolysis of ATP to adenosine by ectonucleotidases has been reported for several cell types (12) (13) (14) (15) (16) (17) (18) (19) (20) . These enzymatic activities can regulate the extracellular concentration of adenine nucleotides and nucleosides modulating their local effects. Degradation of ATP and other nucleotides occurs through a cascade of cell surface-bound enzymes such as ecto-ATPase (EC 3.6.1.3), ectoapyrase/ATP diphosphohydrolase/NTPDase (EC 3.6.1.5), and ecto-5-nucleotidase (EC 3.1.3.5), resulting in the formation of ADP, AMP and adenosine (21) . The presence of apyrase activity has been well demonstrated in a large number of mammalian sources (12, 13, 15) . Apyrase is the enzyme that hydrolyzes ATP and ADP (and other tri-and diphosphate nucleosides) to the monophosphate esters plus inorganic phosphate (Pi), releasing 2 mol Pi/mol ATP and 1 mol Pi/mol ADP.
Barbacci et al. (22) identified and characterized a possible ecto-ATPase activity in rat Sertoli cells. In the present study, we demonstrate that Sertoli cells in culture are able to promote the hydrolysis of ATP, ADP and AMP and we present evidence for the first time that the enzymes responsible for nucleotide hydrolysis are a true ectoapyrase (ATP and ADP hydrolysis) and an ecto-5-nucleotidase (AMP hydrolysis). The kinetic parameters for nucleotide hydrolysis and the effect of divalent cations, calcium and magnesium, on enzymatic activities were determined. Moreover, we show that Sertoli cells can control extracellular adenosine levels through ectoadenosine deaminase activity (EC 3.5.4.4).
Material and Methods

Material
Culture medium (DMEM/F-12) and soybean trypsin were purchased from Gibco (Grand Island, NY, USA). Lactate dehydrogenase (LDH) kit, soybean trypsin inhibitor I-S, DNase I, collagenase I, hyaluronidase I-S, nucleotides, nucleosides and HEPES were obtained from Sigma (St. Louis, MO, USA), FBS from Cultilab Ltda. (São Paulo, SP, Brazil), and 24-well plates from Costar Co. (Cambridge, MA, USA). Tetrabutyl ammonium chloride was purchased from Fluka Chemika (Neu Ulm, Switzerland). All other chemical reagents were of the highest available grade.
Sertoli cell cultures
Primary cultures of Sertoli cells from 17-to 19-day-old Wistar rats were prepared as previously described (23) . Briefly, the testis was sequentially digested with 0.25% trypsin and DNase (10 µg/ml) for 30 min at 37 o C to remove the interstitial tissue. The seminiferous tubules obtained were dissociated with collagenase (1 mg/ml) and hyaluronidase (1 mg/ml) to separate Sertoli cells from myoid and germ cells for centrifugation at 40 g for 10 min. The cultures were grown to confluence on 24-multiwell plates (approximately 0.6 x 10 6 cells/well or 100 µg protein/well) at 34 o C in a water-saturated atmosphere with 95% air and 5% CO 2 in DMEM/F-12 (1:1) with 1% FBS for 24 h. On the second day of culture, the monolayer was washed with Hanks-buffered saline solution and maintained for three days more in serum-free DMEM/F-12 (1:1). On the fourth day of culture, the Sertoli cell monolayers were used for the ectonucleotidase assays. The Sertoli cell cultures were estimated to be more than 95% pure, as determined by bright light and phase contrast microscopy and alkaline phosphatase cytochemistry (24) . Cellular integrity was determined on the basis of LDH activity. The Sertoli monolayers were incubated with reaction medium for 40 min and then samples were taken for the determination of LDH with a Sigma kit (LD-L 10, catalog No. 228-10) at 37 o C in a Cobas Mira automatic incubator. LDH activity is reported as unit of enzyme per mg protein (U/mg).
Ectonucleotidase assays
Sertoli cell monolayers were washed three times with the reaction medium containing 135 mM NaCl, 5 mM KCl, 10 mM glucose and 10 mM HEPES, pH 7.4. The reaction was started by adding the substrate (ATP, ADP or AMP) to the reaction medium containing 135 mM NaCl, 5 mM KCl, 10 mM glucose and 10 mM HEPES, pH 7.4, plus CaCl 2 and/or MgCl 2 (1, 2 and 5 mM, as indicated) and EDTA (2 mM, as indicated). The final volume was 0.2 ml and incubation was carried out at 34 o C. After incubation, a supernatant sample was taken and mixed with cold trichloroacetic acid to a final concentration of 5%. This mixture was centrifuged for 10 min at 16,000 g at 4 o C and aliquots were taken for the assay of released Pi according to the procedure of Chan et al. (25) . Incubation time and protein concentration were chosen in order to ensure the linearity of the reaction. Controls to correct for nonenzymatic hydrolysis of nucleotides were prepared by measuring the Pi released into the same reaction medium incubated without cells. The possible contamination with Pi released from cultures was avoided by incubating the monolayers in reaction medium without nucleotides. The cultures did not present a measurable release of Pi at any time of incubation. All assays were done in quadruplicate. K m and V max were calculated by linear regression and presented graphically by the Eadie-Hofstee plot. The ATP and ADP concentrations for the same hydrolysis rate were obtained from the substrate curve and used to construct the Chevillard competition plot (26) .
Adenosine deaminase assay
On the fourth day of culture, the monolayers were washed three times with adenosine deaminase assay (ADA) buffer consisting of 100 mM NaCl, 20 mM KCl, 4 mM MgCl 2 , 2 mM CaCl 2 , 10 mM NaHCO 3 , 5 mM glucose and 15 mM Tris, pH 7.4 (27) . The reaction was started by adding adenosine (0.15 mM) to the same ADA buffer as described above. The final volume was 0.2 ml and the incubation was carried out at 34 o C. After incubation (0, 30 and 60 min), the supernatant was taken and maintained on ice. The samples were boiled for 3 min and centrifuged at 4 o C for 15 min at 16,000 g. Aliquots of 50 µl were applied to a reversedphase HPLC system using a C 18 Shimadzu column (Shimadzu, Japan) at 260 nm with a mobile phase containing 60 mM KH 2 PO 4 , 5 mM tetrabutylammonium chloride, pH 6.0, in 30% methanol according to a previously described method (28) . The adenosine peak was identified by its retention time and by comparison with standards. The ectoadenosine deaminase activity was measured by the decrease in the adenosine peak and by the appearance of inosine and hypoxanthine peaks. The enzyme activity was expressed by the difference between initial (ADi) and final adenosine (ADf) concentration at the time of incubation per mg of protein (D[ADi] -[ADf]/mg protein). The addition of dipyridamole (a classical inhibitor of adenosine uptake) did not modify the extracellular adenosine concentration. Spontaneous deamina-tion of adenosine was not detected at any time.
Cellular protein determination
After the assays, the Sertoli cell monolayers were digested with 0.5 N NaOH and total protein was measured by the method of Lowry et al. (29) .
Statistical analysis
The mean ± SEM data for groups of three or four experiments were analyzed by ANOVA and the post hoc Student-Newman-Keuls test using the statistical program SPSS 6.0 for Windows.
Results and Discussion
ATP, ADP and AMP hydrolysis
Sertoli cell cultures promoted ATP, ADP and AMP hydrolysis that was linear for at least 20 min (Figure 1 ). One possible problem in the detection of apyrase activity (ATP and ADP hydrolysis) in most sources is the interference of 5-nucleotidase, which may cause an overestimation of ATPase and ADPase activity (30) . The procedure used in the present study to avoid this problem was the limitation of both ATP and ADP hydrolysis to less than 10%. In addition, all mammalian ecto-5-nucleotidase activities described are strongly inhibited by ATP and ADP in the low micromolar range (31) . ATP diphosphohydrolase (apyrase) is an enzyme able to promote the removal of two phosphate groups of ATP but of only one phosphate group of ADP. This enzyme presents divalent cation dependence and can be stimulated by Ca 2+ and Mg 2+ (12, 15, 30, 32) . The ecto-5-nucleotidase can also be stimulated by Mg 2+ (14,31) but this activation was lower than the apyrase activation (26.3 ± 5% for the ecto-5-nucleotidase activation and 1490 ± 84% for the apyrase activation in relation to the control). In the presence of 2 mM EDTA, ATP and ADP hydrolysis was practically negligible and AMP hydrolysis was lower than control (without the addition of divalent cations) (Figure 2) . Thus, the enzymes responsible for the hydrolysis of ATP, ADP and AMP in Sertoli cells could be cation activated. No significant differences were observed in enzymatic activation by different cations at the different concentra- tions tested for ATP, ADP and AMP hydrolysis ( Figure 2 ). This result indicates that maximal activation of the apyrase and ecto-5-nucleotidase activities is possible with 2 mM or less of both cations tested. No additive effects were observed when the two divalent cations tested were added at the same time to the reaction medium, suggesting that both Ca 2+ and Mg 2+ are competing for the same activation site. It is important to note that there was a parallel profile of activation for all substrates (ATP, ADP and AMP) with each cation added. Based on these results, we established as optimal conditions for measuring the ectonucleotidase activities the ratio of 1 mM/2 mM for the nucleotides/divalent cation. In this way the ectonucleotidase activities were measured in the physiological extracellular range of divalent cations and nucleotides.
A single active site ATP and ADP hydrolysis could be catalyzed by an ATP diphosphohydrolase (apyrase) or by enzyme combinations able to mimic apyrase activity. To show that ATP and ADP hydrolysis occurs due to an apyrase and that one active site is able to hydrolyze the two substrates, we used the Chevillard competition plot used by Kettlun et al. (32) to characterize a human placental ATP diphosphohydrolase. To assay the combination of substrate concentrations in a Chevillard competition plot (26) we chose concentrations at which the rate of hydrolysis was the same when either ATP or ADP was used as substrate. The P values ranged from 0 to 1. The horizontal straight line obtained in the competition plot ( Figure 3 ) indicates a constant hydrolysis rate at all substrate combinations tested and the interpretation is that the hydrolysis of both substrates (ATP and ADP) occurs at the same active site of a single enzyme. (Figure 4 , inset) indicated that all the enzymatic activities increased with increasing nucleotide concentrations until saturation with 1 mM substrate. The Eadie-Hofstee plot for the hydrolysis of ATP, ADP and AMP is shown in Figure 4 . The Michaelis constant (K m , app) ( Table 1 ) calculated by linear regression from the results in Figure 4 was closely similar for ATP and ADP hydrolysis (131 ± 17.4 and 110 ± 29 µM, respectively). It is important to note that a similar K m value for both substrates is also a characteristic of other apyrases described in the literature (15, 30) . The Sertoli cell cultures were able to hydrolyze other di-and triphosphate nucleosides such as GTP, GDP, ITP and IDP (data not shown).
The hydrolysis of different di-and triphosphate nucleotides is another important characteristic of apyrases from various sources (12, 15, 16, 30) . AMP hydrolysis has a calculated K m of 410 ± 73 µM ( Table 1 ). All ecto-5-nucleotidases described have K m values in the micromolar range (31) . Variations in kinetic data could be the result of speciesand/or tissue-specific forms of the enzyme, analysis of impure preparations or of variations in the assay conditions (31) . The IMP and GMP hydrolysis was only 33 and 25% of AMP hydrolysis (12 and 8 nmol Pi mg protein -1 min -1 , respectively) under the same conditions. The AMP substrate preference is another characteristic of ecto-5-nucleotidase of several tissues (31) . These results indicate that the extracellular AMP hydrolysis occurring in Sertoli cells is performed by an ecto-5-nucleotidase.
Cellular integrity
The lack of intracellular LDH release during the assays indicated the cellular integrity of cultures. The Sertoli cells remained intact during 40 min of incubation in the The kinetic constants were determined using linear regression analysis applied to the data in Figure 4 
Kinetic parameters of ATPase, ADPase and AMPase activities
Ca 2+ -ATP and Ca 2+ -ADP hydrolysis was determined at ATP and ADP concentrations reaction medium. Only 5% of LDH activity of lysed cells (1.33 ± 0.19 U/mg protein) was measured during 40 min of incubation. In this way the participation of cytosolic enzymes in extracellular nucleotide hydrolysis was excluded.
Adenosine deaminase activity
It has been previously demonstrated that testis tissue contains adenosine deaminase mRNA (33) and we have investigated whether this enzyme is present on the plasma membrane surface of Sertoli cells and its capacity to degrade extracellular adenosine. Sertoli cells are able to degrade the extracellular adenosine by an ectoadenosine deaminase activity ( Figure 5 ). The ectoadenosine deaminase is a key enzyme in purine metabolism that catalyzes the irreversible transformation of adenosine and 2-deoxyadenosine to inosine and 2-deoxyinosine, respectively. Its enzymatic activity is homogeneously distributed along the cell surface in some cells (34) . The Sertoli cell ectoadenosine deaminase activity was linear up to 60 min of incubation ( Figure 5 ) and had a specific activity of 1.52 ± 0.13 nmol adenosine mg protein -1 min -1 . The decrease in adenosine levels in the extracellular medium was of the same order of magnitude as the increase in inosine and hypoxanthine (data not shown) and this demonstrates that the adenosine decrease is a result of adenosine deaminase activity rather than of cellular adenosine uptake. The presence of dipyridamole (10 µM), a classical inhibitor of adenosine uptake (35) , in the ADA buffer did not alter the extracellular adenosine concentration but caused 30% inhibition of ectoadenosine deaminase activity. A possible explanation for this result is the participation of ectoadenosine deaminase in a protein complex that can have multiple functions such as catalytic deamination activity, coupled with adenosine receptors and with selective channels by uptake of extracellular adenosine (34, 36) . The presence of dipyridamole can alter the conformation of the protein complex with a modification in the enzymatic activity.
The physiological role
The physiological role of ectonucleotidases is unknown but it has been speculated that their function could be the control of extracellular concentration of purines. The modulation of the levels of different nucleotides may involve cross-talking between the diverse pathways activated in purinergic receptor subtypes. The general way to control the concentration of adenine nucleotides is the sequential activity of ecto-ATPases, ecto-ATP diphosphohydrolases (apyrase) and ecto-5-nucleotidases (12) (13) (14) (15) (16) (17) 19, 20, 30) . The adenosine released from cells or resulting from extracellular ATP hydrolysis can be deaminated by the ectoadenosine deaminase activity, producing inosine (18, 34, 36) .
Adenosine and its antagonists, such as caffeine, have been long postulated to influence the male reproductive system. Several reports have demonstrated the presence of adenosine receptors in Sertoli cells (10, 11) and their modulation by adenosine and different adenosine analogues (4, 8, 9) . The purinoreceptor subtype P 2Y2 is present in these cells (5) and its modulation by ATP has been well demonstrated (5) (6) (7) . In Sertoli cells, extracellular ATP and adenosine can modulate the hormonal response to FSH, decreasing cAMP levels (4, 5, (8) (9) (10) , and can regulate anionic (6) and transferrin secretion (7) and the intracellular levels of Ca 2+ by inositol phospholipid turnover (5) . Thus, the control of extracellular levels of adenosine nucleotides is of high physiological relevance. However, the mechanism controlling purine concentrations in testicular tissue is poorly known. We show in this study that Sertoli cells were able to hydrolyze ATP and ADP ( Figure 1 ) and that only one active site is responsible for the hydrolysis of the two nucleotides (Figure 3 ). Barbacci et al. (22) identified and characterized one possible ecto-ATPase in rat Sertoli cells. The K m calculated for the possible ecto-ATPase is the same we found for ATP and ADP hydrolysis ( Table 1 ), indicating that one enzyme is responsible for the hydrolysis of the two nucleotides. The results obtained in the competition plot confirm this hypothesis. The cation requirements demonstrated by Barbacci et al. (22) for ATP hydrolysis are equal to those for ADP hydrolysis demonstrated by us (Figure 2 ). On the other hand, our results cannot exclude the co-expression of two enzymes (a fact demonstrated in the rat brain) (37) because the ATP hydrolysis demonstrated by Barbacci et al. (22) was slightly inhibited by ADP. In other tissues it has been postulated that the control of extracellular nucleotide concentration is due to the action of enzymatic complexes with the possible participation of two or more ectoenzymes (21) . The most obvious physiological role for apyrase in Sertoli cells, in analogy to other tissues, is to participate in an enzyme chain together with a 5-nucleotidase for the complete hydrolysis of ATP to adenosine.
AMP hydrolysis occurs through the action of an ecto-5-nucleotidase releasing adenosine that could create a secondary signal for P A1 receptors. The Sertoli cell ecto-5-nucleotidase has proved to be cation activated and in the presence of normal extracellular concentrations of Ca 2+ and Mg 2+ (1-2 mM) its activity is increased compared to the control activity (without cation addition) and the 2 mM EDTA group (Figure 2 ). The K m / V max values (Table 1 ) and the substrate preference are in accordance with the other characteristics of ecto-5-nucleotidase from several tissues (31) .
In order to terminate the purine extracellular cascade of nucleotides and nucleosides, the ectoadenosine deaminase produces inosine that can be taken up and/or degraded by the cells. We have demonstrated that Sertoli cells have an ectoadenosine deaminase activity with the same buffer requirement as for other cells ( Figure 5 ) (28) . In analogy, this enzyme can participate together with an ATP diphosphohydrolase and the ecto-5-nucleotidase in the control of the extracellular adenosine levels and eliminate the purine cascade.
The physiological control of ectonucleotidase activities is unknown. Moreover, Franco et al. (34, 36) have demonstrated that some ectoenzymes can play the role of one enzyme and that of a receptor which can be internalized when the substrate is in its active site. Another possibility is the co-localization of ectoenzyme and receptor at the same site on the plasma membrane. Receptor desensitization can occur by endocytosis of membrane fragments where the ectoenzyme and the receptor in question are present. Some authors have shown that ectonucleotidases can lose their activities in response to a cell signal (38, 39) and that ectonucleotidase activities initially localized on the membrane surface are internalized into endoplasmic vesicles (40) .
In experiments currently underway, we are searching for a possible modulation in ectonucleotidase activities by hormones that act on Sertoli cells, possibly representing a fine control of these enzymatic activities.
